High-pressure single-crystal X-ray diffraction experiments were conducted on natural cordierite crystals with composition Mg 1.907(18) Fe 0.127(6) Al 4.01(2) Si 4.96(3) Na 0.026(3) O 18.12(9) using a synchrotron X-ray source. The samples were compressed at 300 K in a diamond-anvil cell to a maximum pressure of 15.22(15) GPa with a neon pressure-transmitting medium and a gold pressure calibrant. We observed a recently described orthorhombic to phase transition, as well as a further transition to a second triclinic phase. We solved and refined both new triclinic phases in space group P1, and designate them cordierite II and III. The structures of cordierite II and III were refined at 7.52(3) and 15.22(15) GPa, respectively. The lattice parameters at these pressures are a = 15.567(3), b = 9.6235(4), c = 9.0658(6) Å, a = 89.963(5)°, b = 86.252(10)°, and g = 90.974(8)° for cordierite II, and a = 8.5191(19), b = 8.2448(3), c = 9.1627(4) Å, a = 85.672(4)°, b = 85.986(7)°, and g = 70.839(10)° for cordierite III. Across the phase transitions there is a significant reduction in the length of the a-axis (~2 Å per phase transition), whereas both the b-and c-axis remain largely unchanged. Cordierite II has fourfold-and fivefold-coordinated Si and Al, while cordierite III has fourfold-, fivefold-, and sixfold-coordinated Si, fourfold-and fivefold-coordinated Al, and fivefold-and sixfold-coordinated Mg. The sequence of high-pressure phases shows increasing polymerization of coordination polyhedra. These results, together with other recent studies, suggest that mixed four-, five-, and sixfold coordination states may occur more commonly in silicate structures compressed at 300 K than previously recognized.
introDuction
Cordierite is an aluminosilicate framework mineral with ideal stoichiometry of (Mg,Fe) 2 Al 4 Si 5 O 18 ·(nCO 2 , mH 2 O) that crystallizes in the orthorhombic system (space group Cccm, Z = 4) at ambient conditions . It is found widely in metamorphic rocks, and plays an important role as a geothermometer, geobarometer, and monitor of fluid or melt volatile content (Currie 1971; Martignole and Sisi 1981; Carrington and Harley 1996) . Due to its low thermal expansivity, it also has widespread use in applications that require high thermal-shock resistance, such as automotive parts and cookware (Hochella et al. 1979; Roy et al. 1989) .
The cordierite structure consists of a network of tetrahedral (Al ) cation-oxygen coordination polyhedra interspersed with channels that can contain larger molecules (e.g., H 2 O, CO 2 ) or additional cations (e.g., Na + ). When the structure is viewed in the a-b plane, two types of layers, M-layers and T-layers, can be recognized (Figs. 1 and 2). M-layers consist of Al/Si rhombic disphenoids (tetrahedra in which all faces consist of equivalent scalene triangles such that opposite edges are equal in length) and Mg/Fe octahedra arranged in six-sided edge-sharing rings, forming a layer of interconnected rings. Within each ring, Al or Si disphenoids are edge-connected on either side to a Mg/Fe octahedron. Within a layer, a given octahedron is connected to two Si disphenoids and one Al disphenoid. T-layers consist of six-membered rings of corner-sharing Al and Si tetrahedra in a 1:2 ratio that are isolated laterally within a layer, but are cross-linked above and below by corner-sharing with the larger rings in the M-layers (Malcherek et al. 2001) . The stacking of rings in the M-and Tlayers results in large channels running parallel to the c-axis of the structure (Fig. 1) .
At temperatures >1450 °C, cordierite adopts a hightemperature hexagonal structure that is isotypic with beryl (space group P6/mcc) (Schreyer and Schairer 1961; Putnis 1980a ). This phase, called indialite, has Al and Si disordered over a single site (designated T 1 ) in the M-layers in a 2:1 ratio, and Al and Si disordered over a single site (T 2 ) in the T-layers in a 1:2 ratio (Meagher and Gibbs 1977) . In low-temperature cordierite, the Al and Si order into distinct sites. The transformation between the hexagonal and orthorhombic phases was shown to occur by an intermediate order-modulated phase (Putnis 1980b) . In orthorhombic cordierite, the T 1 site splits into two symmetrically distinct sites, the Al-occupied T 1 1 site and Si-occupied T 1 6, and the T 2 site splits into three symmetrically distinct sites, the Al-occupied T 2 6 site and the Si-occupied T 2 1 and T 2 3 sites (Meagher and Gibbs 1977) . While Mg and Fe predominantly occupy the M site, Mössbauer spectroscopy has shown that up to 11% of Fe 2+ can substitute into tetrahedral sites (Malcherek et al. 2001) . Fe-rich compositions have also been shown to have less pronounced Al/Si ordering in the M-layers than Mg-rich compositions (Malcherek et al. 2001) .
Three large sites are located in the channels along the c-axis (Fig. 1) . One of these sites can be occupied by large cations, such as Na + or K + (Armbruster 1986 , respectively, to maintain charge balance (Armbruster 1986; Bertoldi et al. 2004) . Water molecules primarily occupy the other two channel sites, and are designated Type I or II depending on the site. Molecules occupying Type II sites interact with the large channel cations, while Type I occupants do not. The Type I site can also be filled with various other small molecules, the most common of which is CO 2 (Goldman et al. 1977; Armbruster and Bloss 1980; Armbruster 1985; Kolesov and Geiger 2000) . Since we will be focusing only on ordered cordierite phases at low temperature here, we simplify the terminology in this paper and designate the M, T 1 1, T 2 6, T 1 6, T 2 1, T 2 3, and Type I H 2 O sites as the Mg1, Al1, Al2, Si1, Si2, Si3, and Ch1 sites, respectively (Type II H 2 O and Na channel sites are not included in our structure refinements).
There have been only a limited number of previous highpressure studies on cordierite at 300 K. Most of these studies reached maximum pressures of less than 5 GPa. A major focus has been on how various molecules used as pressure-transmitting media may enter cordierite's channels, modifying the structure's compressibility (e.g., water in pressure-induced hydration) (Mirwald 1982; Mirwald et al. 1984; Koepke and Schulz 1986; Likhacheva et al. 2011 Likhacheva et al. , 2013 . Recently, Miletich et al. (2014a) carried out a high-pressure single-crystal X-ray diffraction study of cordierite in a diamond-anvil cell using a 4:1 methanol-ethanol pressure-transmitting medium. They observed elastic softening in the b-and c-directions, leading to a structural transition to a phase with a primitive triclinic unit cell above ~7.0 GPa [the transition pressure may be dependent on channel volatile content (Miletich et al. 2014b; Scheidl et al. 2014) ]. The structure of the new phase was not reported. In this study, we use synchrotronbased single-crystal X-ray diffraction techniques to investigate the behavior of cordierite to a maximum pressure of 15.22(15) GPa to identify and characterize its high-pressure structures.
exPerimental methoDs
A natural, gem-quality cordierite crystal (variety iolite) of unknown origin was used as the starting material. Small fragments (≤10 μm thick) from a larger crystal were extracted for our experiments. The sample composition was determined from an average of six measurements to be Mg 1.907(18) Fe 0.127(6) Al 4.01(2) Si 4.96(3) Na 0.026(3) O 18.12(9) (on the basis of Al + Si + Mg + Fe = 11) using a JEOL 6500f field-emission scanning electron microscope (SEM) with a silicon drift detector (Table 1) . Sodium , 7.52(3), and 15.22(15) GPa, respectively. Si polyhedra are blue, Al polyhedra are orange, and Mg polyhedra are gray. Channel sites are represented by red spheres. For cordierite III, the bold axes show the conventional P1 unit cell for comparison with the nonconventional C1 configuration used here (thin black lines). . However, the presence of a trace amount of Fe 3+ in our purple-colored sample is likely, as this color in iolite has been attributed to Fe 2+ -Fe 3+ intervalence charge transfer (Faye et al. 1968; Goldman et al. 1977) . Raman spectra were collected on an un-oriented sample using a Horiba LabRAM HR spectrometer and are consistent with previously reported measurements for cordierite. The major peaks can be assigned to stretching, bending, or more complex vibrations (Fig. 3) Kaindl et al. 2011; Haefeker et al. 2012) . We observe Raman peaks arising from H 2 O and CO 2 in Type I sites, indicating the presence of both types of molecules in the channels. The intensity of the Raman peak from the Type II H 2 O stretching mode is detectable, but significantly weaker (Fig. 3) .
Ambient-pressure single-crystal X-ray diffraction measurements were performed on a cordierite sample ( Table 2 , Run 1) at Northwestern University's Integrated Molecular Structure Education and Research Center (IMSERC) using a Bruker diffractometer with MoKa sealed-tube X-ray source, Kappa-geometry goniometer, and Apex2 detector. The measured unit-cell parameters for this crystal were a = 17.0508(6), b = 9.7129(3), and c = 9.3357(3) Å and are consistent with literature values (Smyth and McCormick 1995; Malcherek et al. 2001) .
High-pressure single-crystal X-ray diffraction experiments were performed using a synchrotron X-ray source at the 16-ID-B beamline (HPCAT) of the Advanced Photon Source (APS), Argonne National Laboratory. Two separate experiments were carried out (Table 2) . Run 2 consisted of three pressure steps at 1.37(7), 8.30(10), and 15.22(15) GPa, while Run 3 consisted of a single data collection at 7.52(3) GPa. The samples were compressed using a 4-pin diamond-anvil cell with 300 μm culet diamonds. The Boehler-Almax anvil and seat design (Boehler and De Hantsetters 2004) was used to enhance reciprocal space coverage. Sample chambers were formed by drilling a ~170 μm hole through a rhenium gasket that was pre-indented to ~35 μm thickness. A cordierite crystal (~20 × 20 × 10 μm) was loaded in the sample chamber together with an annealed ruby sphere and a gold foil (~20 μm thick) for pressure calibration. Neon was loaded as a pressure-transmitting medium using a gas-loading system (Rivers et al. 2008) .
Pressures were determined based on the gold pressure scale of Fei et al. (2007) . The unit-cell parameter of gold was determined by least-squares refinement of five diffraction lines [(111), (200) , (220), (311), and (222)] (Table 2) . Pressure uncertainties were estimated from the standard deviation of the lattice parameters determined from the individual diffraction lines.
Monochromatic diffraction experiments at HPCAT were performed using X-rays with wavelengths of 0.30622 Å (Run 2) and 0.35145 Å (Run 3) and a focused X-ray beam size of ~4 × 5 μm. Diffraction patterns were collected with a MarCCD detector that was calibrated using a LaB 6 standard and the program FIT2D (Hammersley et al. 1996) . At each pressure, wide and stepped scans about the vertical axis of the diffractometer (ω scan) were collected. The angular coverage of the wide scans was dictated by the geometry of the diamond cell and consisted of either six consecutive 11° rotations (Run 2) or seven consecutive 10° rotations (Run 3) of the cell while the detector was exposed (covering a total angular range of 66° and 70°, respectively). These were used to extract d-spacings, azimuthal angles around the beam center, and peak intensities. The step size of the wide scan was chosen to be sufficiently small so as to minimize peak overlap, but large enough to mask small timing errors between the rotation and the X-ray shutter. Stepped scans consisted of individual exposures taken at either 1° (Run 2) or 0.5° (Run 3) intervals to constrain the ω angle of maximum intensity for each peak. This provides the third dimension necessary for reconstructing the crystal's reciprocal lattice and indexing the diffraction pattern. Both wide and stepped scans were collected at the central detector position, as well as at positions horizontally shifted ±70 mm to maximize the number of peaks measured. For the same reason, wide and stepped scans were also collected at two χ settings that were 90° apart. The data were merged into a single file using the program XPREP (Sheldrick 2008) for further processing.
Peak fitting was performed using the program GSE_ADA (Dera et al. 2013b ). Polarization and Lorentz corrections were applied to the fit peaks. The unit cell and orientation matrix were found using the program CELL_NOW (Bruker AXS Inc.). Transformations to conventional unit cells were determined using XPREP, and lattice parameters were refined using a least-squares fitting procedure in the program RSV (Dera et al. 2013b) .
Partial crystal structures were solved using the program XT (Sheldrick 2008) . SHELX-2013 (Sheldrick 2008 was then used to compute difference Fourier maps between the observed and calculated structure factors, F observed -F calculated , that could be used to identify electron density holes and thereby locate atoms missing in the initial model produced by XT. Final refinements of the full structures were carried out in SHELX at selected pressures. X-ray dispersion corrections were implemented for non-standard X-ray wavelengths using the program XDISP (Kissel and Pratt 1990) . CrystalMaker (CrystalMaker Software Ltd.) and Endeavor (Putz et al. 1999) were used for visualization. Coordination polyhedra were assigned based on examination of histograms of cation-oxygen distances.
The measured composition of our sample, Mg (Table  1) . However, our X-ray diffraction measurement could not resolve these small compositional deviations, so site occupancy factors (SOFs) were fixed at a value of one for all anions and cations except for the octahedral Mg/Fe site in the cordierite refinement at ambient conditions. In this case, the Mg/Fe ratio was refined and resulted in a Mg occupancy of 0.959(4) and Fe occupancy of 0.041(4). For the high-pressure structures, the number of refined parameters was minimized by fixing the site occupancy factors for Mg and Fe at the values determined from the refinement at ambient conditions and only refining a single isotropic thermal displacement parameter (U iso ) for all sites related to a given site in the initial cordierite structure. Representative structural data are presented in Tables 3-6 . CIF 1 available.
results anD Discussion
Three phases were observed upon compression to 15.22(15) GPa (Fig. 4, Table 2 ). At ambient pressure and 1.37(7) GPa, we observe the cordierite phase while the triclinic phase recently reported by Miletich et al. (2014a) was observed at 7.52(3) and 8.30(10) GPa. A second previously unreported high-pressure phase was found at 15.22(15) GPa (Fig. 4) . We have refined the initial cordierite structure (Tables 3 and 6 ) and solved and refined the crystal structure of both the high-pressure phases (Tables 4-6) .
At ambient conditions, our results for the cordierite are consistent with previously reported refinements (Cohen et al. 1977; Meagher and Gibbs 1977; Miletich et al. 2014a) , with R1 of 3.30%. The measured a lattice parameters for cordierite at ambient pressure and 1.37(7) GPa (Run 2) show anomalously low compressibility in the a direction in comparison with previous work (Miletich et al. 2014a ). This behavior is likely to be an artifact due to the use of different instruments for these two measurements.
For the ambient-pressure refinement we had 100% completeness of unique diffraction peaks within the resolution limit of the collected diffraction, but this is not achievable when the sample is compressed in a diamond-anvil cell. As a result, at ambient pressure we were able to determine that the constituents of the Ch1 channel site were disordered. This is manifested by the large anisotropic displacement parameters (Table 3) . It is likely that the large isotropic displacement parameters we observe in the highpressure cordierite structures also originate from similar disorder within the channels of those structures. We did not include additional channel sites in the refinement because when added they caused the refinement to become unstable. Omitting additional channel sites is consistent with the measured low Na content of the sample, as well as the weak Type II H 2 O Raman peak.
At high pressures, we observe two new structures that we designate cordierite II and III. Both have triclinic P1 symmetry. We are able to refine the structures in this space group to R1 values of 7.22% and 6.44% at 7.52(3) and 15.22(15) GPa, respectively. The higher R1 values compared with ambient conditions are likely due to a combination of higher background from the diamond-anvil cell and limited coverage in reciprocal space FiGure 3. Raman spectrum of un-oriented cordierite sample at ambient conditions. Major peaks are labeled with the letters s, b, r, and/or o, which correspond to stretching, bending, rotational, and other mode assignments (Kaindl et al. 2011) , respectively. H 2 O and CO 2 stretching modes are labeled. Table 2 . Unit-cell parameters and volumes of cordierite phases (these factors also contribute to larger uncertainties in refined quantities, such as bond lengths). The unit-cell shape of cordierite II is metrically similar to cordierite, but in cordierite III the number of formula units per cell is halved. Triclinic unit cells are conventionally reported with all acute or all obtuse angles, but for convenience we report here the structure of cordierite II with the unit cell in an orientation corresponding to that of the cordierite structure, resulting in two acute angles and one obtuse angle [this is a different configuration than was reported in Miletich et al. (2014a) ]. While we use a conventional primitive triclinic unit cell to report the structure of cordierite III (Tables 2, 5 , and 6c), we have opted to compare structural features in the text using a non-conventional C1 configuration that can be directly compared with cordierite and cordierite II. The transformation matrix used to relate the conventional primitive unit cell and centered cell is:
A comparison of the three different structures is shown in Figure 1 . The cordierite, cordierite II, and cordierite III structures are shown for both the a-b and a-c planes at 10 -4 , 7.52(3), and 15.22(15) GPa, respectively. The primary change in the unit cell between the three structures is a significant reduction in the length of the a-axis (~2 Å per phase transition), while both the b-and c-axis remain largely unchanged in length (Table 2 ). In addition, the structures adopt progressively higher-coordinated cation polyhedra.
To illustrate the specific changes that occur across each phase transition, it is useful to examine individual layers in the a-c plane. Figure 2 shows the M and T layers separated into four panels. While the M/T 1 and 2 layers are symmetrically equivalent in the cordierite structure, they are distinct in the cordierite II and III structures.
In cordierite, the M-layers contain octahedrally coordinated Mg and tetrahedrally coordinated Si and Al. In cordierite II, all Mg cations remain in octahedral coordination, but half (Mg1A, Mg1B, Mg1G, Mg1H) move along <010> such that two of the Mg-O bonds that had previously formed part of the backbone of the MgO 6 octahedra, are broken. The shifted Mg cations bond with two additional O anions from the T-layers immediately above and below. These new bonds complete distorted octahedra around the Mg cations (additional geometric details for polyhedra that undergo changes in coordination at high pressure are provided in Fig. 5a / Table 7a and Fig. 5b/Table 7b for the M1 and T1 layers, respectively). Al1A/Si1A, Al1B/Si1C, Al1G/ Si1B, and Al1H/Si1D, which had formed rhombic disphenoids in cordierite, become either more regular tetrahedra (Al1A, Al1H) or distorted fivefold-coordinated trigonal bipyramids (Al-1B, Al-1G, Si-1A, Si-1C, Si-1B, Si-1D) in cordierite II (trigonal bipyramids are defined by an axial angle of 180° and radial angles of 120°). Whereas in cordierite these Al and Si polyhedra are not directly connected to one another, in cordierite II each Al is connected to a Si through either one (Al1A/Si1A, Al1H/ Si1D) or two (Al1B/Si1C, Al1G/Si1B) bridging O anions that had been previously bonded to Mg.
In cordierite II, the remaining Mg and Al cation polyhedra (Mg1E, Mg1F, Mg1C, Mg1D, Al1E, Al1F, Al1C, Al1D) are slightly more distorted than those in cordierite. However, on transition to cordierite III, these cations adopt similar configurations as previously described for the Mg and Al cations, such that they become symmetrically equivalent to them. Additional changes are that all Al cations become fivefold-coordinated, and that all Mg cations, except Mg-1B/Mg-1F, lose one bond (Fig. 5a ) to become fivefold-coordinated. Both the fivefold-coordinated Mg and Al polyhedra are closer to distorted square pyramids in shape than to trigonal bipyramids, as neither have any bonds with angles near the 180° required for a trigonal bipyramid configuration. Also, since each Si now has two O anions on either side in ~<100> and <100> connecting it to an Al cation, the Si cations are now sixfold-coordinated in a distorted octahedral configuration.
Compared with the coordination polyhedra in the M-layers, those in the T-layers undergo fewer topological changes across the high-pressure polymorphs. However, the six-membered Al-Si polyhedral rings that make up the layers become significantly distorted. In cordierite II, the rings remain unconnected, but within each layer half the rings elongate in one direction, and the other half in a direction rotated ~45° in the a-b plane (~<231>/<14 1> for T1 and ~<231>/<292> for T2). This elongation is accompanied by out-of-plane rotation of all the Al/Si tetrahedral members of the rings. In cordierite III, the rings become connected between Si-3A/Si-3B in the T1 layer and Si-3C/Si-3D in the T2 layer to form chains of distorted rings running in <110> in the T1 layer and <110> in the T2 layer. The rings themselves are all elongated the same way within a given layer, but in a different direction (4) b Previous site designation (Cohen et al. 1977) . than the chains themselves (<14 1> for T1 and <292> for T2). The polymerization of the rings results in the silicon atoms, Si3A, Si3B, Si3C, and Si3D adopting a fivefold-coordinated square pyramid configuration. Figure 6 shows the evolution of coordination polyhedra between the three cordierite polymorphs from the perspective of the a-b and a-c planes. This illustrates that as pressure is raised, increased polymerization occurs not just between the Al-Si rings, but also between the individual Si polyhedra. In cordierite, Si occurs only as tetrahedral dimers or isolated tetrahedra. In cordierite II, the tetrahedra that were initially isolated are now fivefold-coordinated and connected to one of the tetrahedral dimers. In cordierite III, the fivefold-coordinated Si become sixfold-coordinated and attached to the other dimer. The tetrahedral dimers also become connected, forming additional fivefold-coordinated Si polyhedra. This results in infinite continuous chains of fourfold-, fivefold-, and sixfold-coordined Si running in <101> (101) that are bridged by two-membered chains of Al polyhedra, consisting of one tetrahedron and one square pyramid each.
Recent ab initio theoretical calculations predicted that the beryl structure, isotypic with cordierite's high-temperature indialite polymorph, undergoes a transition to a slightly modified triclinic P1 structure at ~14 GPa and 0 K (Prencipe et al. 2011) . The cordierite II and III structures identified here are quite different from the predicted beryl polymorph. The proposed P1 structure is a comparatively minor modification to the initial hexagonal beryl structure that only involves polyhedral tilting. In the high-pressure cordierite structures, there are significant changes in bonding and coordination polyhedra as described above. An unusual feature of the high-pressure structures we observe is their mixed Al, Si, and Mg coordination. Fivefoldcoordinated Mg and Al are known only in a few minerals each [e.g., grandidierite (Stephenson and Moore 1968) , yoderite (Fleet and Megaw 1962) , andalusite (Ralph et al. 1984) ] and as far as we are aware, there are only two previous experimental reports of a silicate structure with a mix of four-, five-, and sixfold Si coordination polyhedra: the triclinic titanite-like CaSi 2 O 5 structure observed by Angel et al. (1996) and a high-pressure orthorhombic polymorph of (Mg, Fe)SiO 3 orthopyroxene (Finkelstein et al. 2015) . While cation coordination polyhedra with five ligands can adopt either a trigonal bipyramid or square pyramid configuration, in both of the high-pressure structures fivefold-coordinated Si is found in only a square pyramid configuration.
In CaSi 2 O 5 , the triclinic structure was found to transform at ~0.2 GPa to a monoclinic structure that contains both fourfold- and sixfold-coordinated Si (Angel 1997). The transformation mechanism involves an oxygen atom switching bonds between Ca and Si, thus lowering the coordination number of Ca and increasing the coordination number of Si (Yu et al. 2013 ). We observe similar bond-switching between Mg and Si in the M-layers on transition to cordierite II and III that results in fivefold-and then sixfold-coordinated Si in these layers. The coordination change of other Si cations, as well as Al, from four-to fivefold coordination is similar to what we previously observed in the fourfold-to fivefold-coordinated Si transition in the high-P orthopyroxene polymorph. In that case, tilting of members of parallel chains of Si tetrahedra resulted in cross-linking between the chains by fivefold-coordinated Si. This is analogous to the tilting and linking of Si and Al polyhedra in both the M-and T-layers of the cordierite high-pressure phases. , 7.52(3), and 15.22(15) GPa, respectively. Si polyhedra are blue and Al polyhedra are orange spheres with black frames. Numeric labels indicate Si coordination number.
imPlications
Upon compression of cordierite to 15.22(15) GPa, we observe two new structures: cordierite II at 7.52(3) GPa and cordierite III at 15.22(15) GPa. Both structures are triclinic and exhibit several interesting features, including mixed four-, five-, and sixfold coordination polyhedra of Mg/Fe, Al, and Si, as well as increasing amounts of polymerization of Si across each transition. Questions that require further study include the energetics of the new phases (are they stable or metastable?) and the effects of different pressure media on the transition pressures and structural parameters.
Until recently, few single-crystal structure refinements existed for complex silicate structures at very high pressures. With the development of new synchrotron techniques, it is now possible to more routinely carry out compression experiments at 300 K using single-crystal diffraction on low-symmetry silicates (Dera et al. 2013b; Duffy 2014) . At these low temperatures, equilibrium reconstructive transitions are kinetically inhibited. While it was once widely thought that silicates undergo pressure-induced amorphization when compressed at room temperature to high pressures (Richet and Gillet 1997) , it is now becoming clear that, in some cases, additional, often metastable, polymorphs can be formed (Plonka et al. 2012; Dera et al. 2013a; Zhang et al. 2013; Finkelstein et al. 2014 Finkelstein et al. , 2015 . It is increasingly apparent from these studies that step-wise changes in the coordination number of polyhedra and polymerization of polyhedra with compression may be common features of such transitions.
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